Photosynthetic cytochrome c reduction by isolated chloroplasts is mediated by substances with characteristics of a "Cytochrome c Reducing Substance" (CRS). A water soluble extract of ether treated, lyophilized chloroplasts (called SL-eth), related to the primary acceptor complex of photo system I, has CRS-activity. It contains p-coumaroyl-meso-tartaric acid. By comparison with model substances, the CRS-activity in chloroplasts is attributed to the iron complex of this compound. A number of other iron complexes and numerous quinones with redox potentials from -220 mV to + 300 mV are also shown to possess CRS-activity. The CRS preparation from the blue green alga Anabaena cylindrica, as first described by Fujita and Myers, contains Fe3+/EDTA, which has all 
Materials and Methods
Spinach chloroplasts were prepared according to Whatley et al. 16 , washed three times, frozen in liquid nitrogen and stored until use.
For preparation of stock solutions of the iron complexes, the appropriate amount of FeCl3-6H 20 was dissolved in water, the appropriate amount of meso-tartaric acid, citric acid, Na4P20 7-10 H20 and EDTA, respectively, was added, the solution ad justed to pH 8.0 and diluted with water to give final concentrations of 0.01 M Fe3+, 0.02 M meso-tartaric acid and citric acid, 0.03 M pyrophosphate and 0.01 m EDTA.
Quinones were dissolved in methanol and diluted with water. The concentration of methanol in the final reaction mixture did not exceed 5%.
The reduction of cytochrome c (from horse heart) was followed spectrophotometrically at 546 nm ac cording to Regitz et Oxygen consumption in a Mehler-reaction with CRS from A n abaen a c y lin d ric a was measured polarographically in a Gilson oxygraph. The reaction mixture contained in 1.7 ml 0.02 M Tris buffer, pH 8.0, 1 mM NH4C1, 8 mg bovine serum album in and chloroplasts with 100 //g chlorophyll.
Quantitative estimation of iron content in CRS from A n abaen a c y lin d ric a was carried out by atomic absorption spectroscopy (Zeiss PMQ II spec trophotom eter with atomic absorption attachment, hollow cathode lamp, /l = 2 4 8 .3 n m ). F or calibra tion solutions with known iron content were used.
R esults
W ith water as the electron donor, chloroplasts in light reduce cytochrome c to a certain extent. Under the experimental conditions applied, this basal rate of reduction varies from 230 -470 AEr0^ nm/8 min, due to the quality of chloroplasts. This basal rate can be highly increased by addition of ferredoxin, as demonstrated by Davenport and H ill18 and Kei ster and San P ie tro 17 or by addition of heated SL-eth ? which contains a CRS-active com ponent6.
/. S tim u la tio n o f p h o to syn th e tic cyto c h ro m e c red u ctio n b y quin ones an d iron co m p lex es
Quinones are widely applied as Hill-reagents in photosynthetic electron tra n sp o rt19-21. They also exhibit powerful CRS-activity, as can be seen in Figs 1 and 2 for anthraquinone-2-sulfonic acid, phenanthrenequinone and several substituted p-benzoquinones. The redox potentials are in the range from E 0' = -220 mV to E0' = + 300 mV.
As is demonstrated in Fig. 3 , various iron com plexes with meso-tartaric acid, citric acid and pyro phosphate as complexing agents also markedly stimulate photosynthetic cytochrome c reduction. Stimulation starts at a concentration of about 0.05 mM.
It is assumed that Fe3+ in the complexes is re duced to Fe2+ by chloroplasts, which subsequently itself reduces cytochrome c. Reduction of Fe3+ can be followed directly by substituting cytochrome c by 2,2,-bipyridine, which forms the intense red coloured complex [F e (2 ,2 /-bipyridine)3] 2+. This is shown in Fig. 4 with increasing concentrations of iron meso-tartrate. 
II. On the chem ical nature o f C R S fro m A n abaen a c y lin d ric a
CRS from A nabaen a c y lin d ric a was isolated exact ly in the same way, as described by Fujita and M yers115. The procedure started with sonification of A n a baen a lamellae systems, acetone treatment, followed by extraction with 0.1 M Tris buffer, pH 7.6, containing 10~3 m EDTA. The extract was heated to 100 °C, dialysed and finally chromato graphed on a Sephadex G-25 column. The CRS pre paration, thus obtained, was identical to that of F ujita and M yers1' 5, as estimated from the absorp tion spectrum and stimulation of photosynthetic cytochrome c reduction.
F ujita and M yers3' 5 have reported also on the autooxidation of CRS, accompanied by photophos phorylation. In Table I , oxygen consumption with CRS in a M ehler-reaction is demonstrated. As can be seen, the stim ulation of oxygen consumption is about proportional to the amount of CRS added. We have, however, observed that a large amount of CRS is lost upon dialysis. This indicated that the molecular weight of 3000 -5000, as assumed by Fujita and Myers 3, seems to be much smaller.
The UV-spectrum of our preparation of CRS from A n a b a en a (Fig. 5 ) is identical to that pub lished by Fujita and Myers 5. We also could ob- 
. Absorption spectrum of CRS from Anabaena cylin drica ----------in H , 0 , ---------after addition of KBH4 , -------------in 1 N HC1.
serve the change in absorption upon addition of borohydride, as re p o rte d 115. However, a drastic change of the absorption spectrum of CRS from A n a b a en a is caused by adding hydrochloric acid (Fig. 5 ) . The absorption maximum at 260 nm com pletely vanishes and a new absorption maximum at 335 nm with low intensity appears. This change can only be observed with hydrochloric acid or other strong acids in the presence of chloride ions. The bathochromic shift from 260 nm to 335 nm cannot be interpreted considering CRS as a quinone, whose absorption spectrum would remain unchanged under these conditions. It seems more obvious that the new absorption maximum at 335 nm is due to the form a tion of an iron chloro-complex. In fact, the presence of Fe3+ in CRS from A n abaen a was proved by for mation of red F e(S C N )3 upon addition of SCN-in acidic medium as well as by atomic absorption spectroscopy.
Furtherm ore, there is a linear correlation be tween optical density at 260 nm and iron content. Different preparations of CRS always exhibit a constant ratio £200 nm versus jitg Fe/ml of 0.106 + 0.009. These results strongly indicate that CRS from A n abaena has to be considered as an iron complex. As to the ligand, we realized that A n abaen a lamellae systems have been extracted by 0.1 M Tris buffer containing 10-3 M EDTA. The ligand there fore could be EDTA.
Comparison of Fe3+/EDTA and CRS in thin layer chromatography on different layers and in different solvent systems (Table II) revealed the identity of both. In addition, the absorption spectra of Fe3+/ EDTA and CRS from A n abaen a (provided equal Fe3+ concentrations) are identical in shape and op tical density at 260 nm as in Fig. 5 and also in flat tening of the maximum at 260 nm upon addition of borohydride and the bathochromic shift of the maxi mum to 335 nm in 1 N HC1. Fe3+/EDTA and CRS from A n abaen a were com pared in their ability of stimulating photosynthetic cytochrome c reduction. As is shown in Fig. 6 , both CRS and Fe3+/EDTA (at the same Fe-titer) are equally stimulating cytochrome c reduction.
Discussion
The redox potential of cytochrome c is fairly elec tropositive (E 0' = + 260 m V ). As known, numerous compounds with a more electronegative potential reduce cytochrome c chemically. If such compounds are themselves reduced by chloroplasts in the light, it is to be expected that these compounds mediate cytochrome c reduction by chloroplasts in the light, i. e. they exhibit CRS-activity. Indeed, a variety of substances, commonly used as Hill-reagents, were found to stimulate photosynthetic cytochrome c re duction, like pyocyanin, phenazine methosulphate, ferricyanide, benzyl-and methylviologen, FMN and 2,3,,6-trichlorophenol-indophenol17.
Ferredoxin, however, was the first natural con stituent of the photosynthetic electron transport chain, to be shown to catalyse photosynthetic cyto chrome c reduction, as demonstrated by Davenport and H ill18 and Keister and San Pietro 17. A second natural cytochrome c reducing substance, quite distinct from ferredoxin, seemed to have been dis covered by Fujita and Myers 1 in the blue green alga A n a b a en a c y lin d rica and later in a great variety of algae and green plants 2 and is commonly refer red to as CRS. As reported by Fujita and M yers1, CRS is heat stable, has a molecular weight of about 3000 -5000 and a broad absorption maximum at 260 nm. Fujita and M yers3 suggested that CRS might be a quinone.
As the results presented indicate, indeed a great variety of quinones exhibit CRS-activity, as has to be expected, because quinones as Hill-reagents in photosynthetic electron transport have been extensi vely used 19-21 and because certain hydroquinones are routinely used as electron donors at the cyto chrome c level in mitochondria as well as in chloro plasts. Vernon and Shaw 22 have already found that trimethvlbenzoquinone and ubiquinone have CRS-activity. In addition, quinones, covering the redox potentials from -220 mV to + 300 mV are shown to have CRS-activity; surprisingly also benzoquinone (E 0' = + 300 m V ). However, calculation by the Nernst-equation reveals that the redox poten tial of the system benzoquinone/benzohydroquinone, with an excess of benzohydroquinone present, is lowered so much that reduction of cytochrome c can occur. Besides, benzohydroquinone reduces cyto chrome c chemically.
As reported by Regitz et al. 6 , a heated water ex tract from ether treated lyophilized chloroplasts -called S l -eth -carrying antigen activity against an antibody against the prim ary acceptor complex of photosystem I, also is active in stimulating cyto chrome c reduction. Our results indicate that CRS from spinach is related to a compound containing p-coumaroyl-meso-tartaric acid llj 12; 15. As the re sults, presented in this paper, demonstrate, several iron complexes of raeso-tartaric acid, citric acid and pyrophosphate are capable of catalysing cyto chrome c reduction. Therefore, we assume that a metal complex, possibly iron, with p-coumaroylmeso-tartaric acid, is responsible for the CRS-activity of SL_eth .
As to the mechanism of reduction, Fe3+ is re duced to Fe2+, which subsequently reduces cyto chrome c. The direct reduction of Fe3+ to Fe2+ has
